ABSTRACT
and most patients develop dementia during the course of the disease. Recently, it has emerged that patients with PD show a wide and variable spectrum of cognitive deficits involving multiple domains such as executive function, attention, memory, visuospatial, and, less frequently, language.
1,2 While traditionally believed to occur only in advanced stages of PD, recent studies suggest that approximately 30%-35% of patients with early PD experience cognitive disturbances, 3, 4 which have been defined as mild cognitive impairment (MCI). 5 The Movement Disorder Society (MDS) Task Force reported a mean prevalence of Parkinson disease with mild cognitive impairment (PD-MCI) at 27%, ranging from 19% to 38%. 6 Furthermore, the impact of MCI and dementia in pa-tients with PD at any given stage of the disease is substantial, with adverse consequences for functioning, 7 psychiatric morbidity, caregiver burden, 8 and mortality. 9 At present, there is much to be elucidated with regard to the etiology of cognitive impairment in PD. Initially, dementia in PD was described as subcortical. Cognitive dysfunction in patients without dementia has also been attributed to dopaminergic depletion disrupting the frontostriatal circuit 10 or dopamine-acetylcholine synaptic imbalance. 11 Nevertheless, recent investigations by using structural MR imaging suggest that specific cognitive deficits, such as memory deficits, and dementia in PD may also be accompanied by structural cerebral abnormalities. In this regard, MR imaging studies have demonstrated cortical atrophy in patients with PD with dementia. A recent meta-analysis revealed regional gray matter reductions of the medial temporal lobe and the basal ganglia, 12 while other areas, including the caudate, 13 hippocampus, 14 and amygdala, 15 have also been implicated. However, present findings on GM atrophy in patients without dementia with PD are inconclusive.
While a few studies have demonstrated atrophy in the medial temporal lobes, 16 amygdala, 17 and frontal and parietal regions, 18 others have reported no significant GM reductions in PD populations without dementia. 19 In addition, cortical thinning in PD represents a relatively new area of research, and it has been reported to be more sensitive than voxel-based morphometry. 20 Recent studies have shown that cortical thinning occurs in PD without dementia. 21 A longitudinal study also reported that patients with early PD presented with a more aggressive rate of cortical thinning in the frontotemporal regions compared with healthy controls.
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These mixed neuroimaging findings could be due, in part, to cognitively heterogeneous groups of patients, particularly in studies in which patients with MCI were not distinguished from those with normal cognition. Therefore, to systematically compare the pattern of GM atrophy in mild PD and its impact on specific cognitive domains, we used the recent MDS Task Force criteria to classify patients with PD with MCI or as cognitively normal (PD-NCI). We estimated the volumes of the amygdala, hippocampus, nucleus accumbens, caudate nucleus, putamen, pallidum, and thalamus in a cohort of patients with PD by using the FMRIB Integrated Registration and Segmentation Tool (FIRST; http:// fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST).
Furthermore, we assessed differences in subcortical deep gray matter (SDGM) structures between PD-MCI and PD-NCI and further examined associations between individual structures and cognitive performances across multiple domains. Because vertex analysis directly measures changes in geometry without any smoothing of the image data, it might have the potential to more precisely detect regional alterations of the subcortical GM than the conventional voxel-based morphometry approach. 23 Therefore, we used a vertex-based shape-analysis method to investigate potential shape differences of SDGM structures between PD-MCI and PD-NCI. Last, vertex-wise cortical thickness analysis was performed by using FreeSurfer (http://surfer.nmr.mgh.harvard.edu) to assess and compare patterns of regional cortical alterations between both PD groups. Patients with dementia and serious medical and psychiatric comorbidities were excluded.
MATERIALS AND METHODS

Subjects
Clinical Assessment
Demographic, clinical, and vascular risk factor data were collected, and a comprehensive clinical assessment was conducted to ascertain cognitive status and functional ability. The severity and stage of the patient's parkinsonism was evaluated by using the Unified Parkinson's Disease Rating Scale motor subscore 25 and the modified Hoehn and Yahr stage. 26 To standardize data on medication use, we converted dosages of PD medications to total daily levodopa-equivalent doses. This calculation was based on the conversion formulae reported by Tomlinson et al. 27 The study was approved by the centralized institutional review boards of the participating institutions, and informed consent was obtained from patients or their legal caregivers.
Neuropsychological Assessment
Cognitive performance was evaluated by trained psychologists by using a standardized neuropsychological battery. To ensure standardization and integrity of data, we evaluated patients during their "on" medication state. Global cognition was evaluated by using the Mini-Mental State Examination 28 and the Montreal Cognitive Assessment. 29 In line with the recommendations of the MDS Task Force, specific cognitive domains including memory, executive function, visuospatial function and language, and attention/working memory were also assessed. 30 In this regard, patients were evaluated with the following subtests from the Alzheimer Disease Assessment Scale- [31] [32] [33] Performances on individual tasks were transformed into z scores. Subsequently, a composite summary index for each cognitive domain was derived from the corresponding averages of the respective individual neuropsychological tests.
MCI Classification
To qualify PD-MCI for MDS level 2 criteria, we analyzed performance on the suggested 5 cognitive domains (attention/working memory, executive, language, episodic memory, and visuospatial). Cutoff scores for the various cognitive tests were based on locally validated norms when available, and for those without, international ones were used. The performance on a cognitive test was considered abnormal if the score was 1.5 SDs below the norm. 
Image Acquisition
All subjects underwent MR imaging on a 3T whole-body system (Achieva 3.0; Philips Healthcare, Best, the Netherlands). A highresolution volumetric 3D T1-weighted magnetization-prepared rapid acquisition of gradient echo sequence (axial acquisition: TR, 7.1 ms; TE, 3.3 ms; TI, 850 ms; FOV, 240 ϫ 240 mm 2 ; matrix, 256 ϫ 256; section thickness, 1 mm; total, 180 sections; scanning time, 5 minutes and 13 seconds) and a whole-brain 3D fluidattenuated inversion recovery sequence (turbo spin-echo: TR, 8000 ms; TE, 340 ms; TI, 2400 ms; FOV, 240 ϫ 240 mm 2 ; matrix, 256 ϫ 256; section thickness, 1 mm; total, 170 sections; scanning time, 10:24) were acquired for all patients. Both clinical testing and MR imaging were performed on the same day for all patients.
Image Analysis
Quantitative image analyses were performed at the Buffalo Neuroimaging Analysis Center, Buffalo, New York.
Quantification of GM and WM Volumes. For each subject, we obtained GM, white matter, and a volumetric scaling factor by using Structural Image Evaluation, with Normalization of Atrophy (SIENAX, Version 2.6; FMRIB Software Library, http://www.fmrib.ox.ac.uk/fsl/). 34 Quantification of Subcortical Deep Gray Matter Volumes. Before we used the T1-weighted images for subsequent analysis, the analysis was modified by an in-house-developed in-painting technique to avoid the impact of WM hyperintensities on GM volume as previously described. 35 WM hyperintensities were outlined on each axial FLAIR image section by using a reproducible, semiautomated local threshold technique (Jim, Version 5.0; Xinapse Systems, Northamptonshire, UK). All WM hyperintensity masks were created by a single rater (E.M.), blinded to clinical characteristics and tests results, with similar reproducibility as previously reported. 36 Subsequently, FIRST was used to segment the amygdala, hippocampus, nucleus accumbens, pallidum, caudate nucleus, putamen, and thalamus from the in-painted T1. 23 The reproducibility of FIRST has been previously reported. 37 Examples of subcortical segmentation of a subject classified as having PD-MCI and of a subject classified as having PD-NCI are presented in Fig 1. In subsequent volumetric analyses, the normalization factor from SIENAX was included to reduce the effects of interindividual variability due to head size. 34 Vertex Analysis for Assessment of SDGM Shape Alterations. FIRST creates a surface mesh for each subcortical structure by using a deformable mesh model. The mesh is composed of a set of triangles, and the apex of adjoining triangles is called a vertex. The number of vertices for each structure is fixed so that corresponding vertices can be compared across individuals and between groups. 38 Vertex analysis was performed, and shape alterations of SDGM were assessed on a per-vertex basis. Regional changes in the vertices of SDGM structures between PD-MCI and PD-NCI were assessed by using a generalized linear model with age, sex, and education as nuisance covariates. The results were then corrected for multiple comparisons by using the false discovery rate (P Ͻ .05).
Cortical Thickness Analysis. T1 images of the subjects were processed with the volume and surface pipeline of FreeSurfer. The technical details of cortical reconstruction and volumetric segmentation procedures have been described previously. 39 
Statistical Analysis
General Analyses. Group comparisons of demographics, neuropsychological variables, and regional volumetric data were performed by using STATA 12 (StataCorp, College Station, Texas). The Student t test or the nonparametric Mann-Whitney rank sum test was used to investigate differences between groups, depending on the normality of the distributions. The 2 test was used for categoric variables (sex and vascular risk factors). Left and right volumes of the SDGM structures were highly correlated (data not shown). Therefore, to minimize the total number of comparisons, we combined left and right SDGM structures to yield a single structural volume. Mean regional GM volumetric differences between PD-MCI and PD-NCI groups were investigated while controlling for age, sex, education, and head size (by using the volumetric scaling factor from SIENAX) by ANCOVA.
Subsequently, for each SDGM structure showing a significant volumetric difference, a linear regression model was designed to assess associations with different cognitive domains separately. In addition, we also tested for associations between the SDGM structures and disease characteristics (disease duration and Unified Parkinson's Disease Rating Scale motor scores). Age, sex, and years of education were also added as independent variables in these models because of their expected influence on cognitive test scores, while the volumetric scaling factor was included to control for differences in head size between patients. For all analyses, 2-tailed P values were used and P Ͻ .05 was considered significant.
Image-Based Analyses. Statistical maps were generated by using the Query, Design, Estimate, Contrast application in FreeSurfer. Briefly, Query, Design, Estimate, Contrast fits a generalized linear model at each surface vertex to explain the data from all subjects in the study. A surface-based Gaussian smoothing kernel of full width at half maximum of 10 mm was applied to the data before subsequent analyses. Using a generalized linear model, we compared cortical thickness variations between PD-MCI and PD-NCI, controlling for age, sex, and years of education. Correlations between regional cortical thickness and disease and cognitive measures were also modeled. The level of significance was set at P Ͻ .05 corrected for multiple comparison by using the false discovery rate.
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RESULTS
Subject Demographic and Clinical Characteristics
The group comparisons of demographic and cognitive characteristics of the study cohort are shown in Tables 1 and 2 , respectively. Within the PD group, 25 were classified as having PD-MCI; 65, as having PD-NCI, and none as having PD-dementia. The PD-MCI group was significantly older than PD-NCI group, while the PD-NCI group was more educated. Both groups were comparable in terms of duration of disease, Unified Parkinson's Disease Rating Scale motor scores, and Hoehn and Yahr staging. Comparisons of the various cardiovascular risk factors demonstrated a significantly higher prevalence of patients with PD-MCI having diabetes mellitus (P ϭ .004) and hyperlipidemia (P ϭ .031), compared with patients with PD-NCI.
Cognitive Performance
Patients with PD-MCI had significantly lower scores on global cognition compared with those with PD-NCI (Mini-Mental State Examination, P ϭ .016; Montreal Cognitive Assessment, P Ͻ .018; Global Index, P ϭ .008) after correcting for age, sex, and years of education. Comparisons of individual neuropsychological tests are shown in Table 2 . With the exception of visuospatial ability and episodic memory domains, the PD-MCI group performed significantly poorer in executive functioning, attention and working memory, and language abilities (all, P Յ .023).
SDGM Comparisons
Group comparisons of mean volumes for all SDGM structures are shown in Table 3 . ANCOVA analyses, controlling for age, sex, education, and head size revealed significant reductions in volumes of the thalamus (P ϭ .03) and nucleus accumbens (P ϭ .04) of patients with PD-MCI compared with PD-NCI. 
Vertex-Wise Shape Comparisons of SDGM Structures
Vertex analysis did not reveal any significant differences in the shapes of SDGM structures between PD-MCI and PD-NCI.
Cortical Thickness Comparisons
Global mean and hemispheric cortical thickness values are shown in Table 4 . Vertex-wise group comparisons of regional cortical thickness showed no significant differences between PD-MCI and PD-NCI in any cortical area.
Association between SDGM Structures and Cognitive
Impairment ␤ regression coefficients of the correlations between volumes of SDGM structures and the main cognitive tests scores are shown in the On-line Table. The total volume of the nucleus accumbens was significantly correlated with a range of cognitive variables, including overall scores of attention/working memory (␤ ϭ 0.28, r 2 ϭ 0.32, P ϭ .02) and language (␤ ϭ 0.25, r 2 ϭ 0.29, P ϭ .04) (Fig  2) . Furthermore, there was a trend toward the associations between nucleus accumbens and global cognition (␤ ϭ 0.23, r 2 ϭ 0.2292, P ϭ .06) and executive function (␤ ϭ 0.23, r 2 ϭ 0.2575, P ϭ .06). Putaminal volume was correlated with overall scores of attention/working memory (␤ ϭ 0.31, r 2 ϭ 0.34, P ϭ .005). These correlations did not survive correction for multiple comparisons. 
Association between SDGM Structures and Disease
DISCUSSION
At present, the pathophysiologic relationship between neurodegeneration processes and cognitive dysfunction in PD remains unclear, and ongoing investigations to identify structural biomarkers of cognitive impairment in patients with PD without dementia have yielded inconclusive results. Varying degrees of atrophy have been reported in patients with PD without dementia, [41] [42] [43] with mixed evidence of an association between atrophy and neuropsychological measures. 44 Within a cohort of 90 patients with mild PD without dementia, we investigated SDGM volumes and cortical thickness and examined their associations with cognitive functioning and disease severity. To date, only a few studies have directly examined the patterns of GM atrophy in well-delineated cognitive subgroups of PD. PD-MCI exhibited significantly reduced total volumes in a number of SDGM regions, including the thalamus and nucleus accumbens, and there was a trend toward the putamen, relative to PD-NCI. These volumetric reductions suggest that a pattern of subcortical atrophy can be detected at an early stage of cognitive decline in mild stages of PD. The finding of thalamic atrophy in PD-MCI is novel, and warrants further consideration. Traditionally, the thalamus has been conceptualized as a relay center, involved in both sensory and motor functions. 45 It is increasingly recognized as an important site for neuropathologic inclusions, including Lewy bodies in patients with PD. The relationship between thalamic degeneration and cognitive impairment has also been investigated in previous studies. Volumetric loss in the thalamus has been proposed as a predictor of dementia, 46 while studies have demonstrated thalamic atrophy in PD with dementia compared with healthy individuals. 14, 16 Previous studies have also demonstrated the relation of thalamic atrophy to cognitive performance in other neurologic disorders, including Alzheimer disease, 47 Huntington disease, 48 and multiple sclerosis. 49 Considered in light of those findings, the volumetric reduction of the thalamus observed in our PD-MCI group may reflect an intermediary stage of cognitive dysfunction. Of note, we did not find any significant alteration of the shapes of SDGM structures in PD-MCI relative to PD-NCI. Further studies are needed to examine the clinical significance of shape alterations in SDGM structures and their utility as potential biomarkers of cognitive impairment and dementia in PD.
Additionally, a number of associations between the nucleus accumbens and putamen and cognitive test scores were also found. While the results were controlled for age, sex, years of education, and head size, they were not corrected for multiple comparisons. Performance on attention and working memory was associated with reduced volumes of the nucleus accumbens and putamen. Additionally, the nucleus accumbens was also significantly correlated with performance in the language domain. A possible explanation for our findings might be offered by previous evidence linking the nucleus accumbens to memory and learning processes. 50 Furthermore, a previous population-based study demonstrated that accumbens volume is predictive of cognitive decline in the elderly. 51 At this time, very little is known about the putaminal role in cognition. Despite the traditional role of the putamen in motor functions, the finding of an association between reduced putaminal volumes and cognitive scores on the attention and working memory domain in the present study is consistent with a previous report that demonstrated a signification association between putaminal 6-[ 18 F]-fluoro-L-dopa uptake and measures for executive functioning, memory, and fluency in a group of 28 patients with PD without dementia.
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At present, the literature concerning the role of cortical thinning in cognitive deterioration in PD remains inconclusive. We did not find significant thinning of the cortex in PD-MCI compared with PD-NCI in any region. A previous study found significant associations between the Mini-Mental State Examination and cortical thickness in their PD cohort. 53 In addition, they found significant cortical thinning in patients with moderate PD without dementia compared with healthy controls and in PD with dementia compared with moderate PD without dementia. Considered together, the absence of cortical thinning in our PD-MCI group might be attributed to the finer distinction of cognitive statuses in our PD cohort. The strengths of this study include the use of the MDS Task Force diagnostic criteria and a comprehensive neuropsychological evaluation to characterize PD-MCI. However, we acknowledge the possible involvement of executive functions in the interpretation of the fluency test findings that was used to characterize language in our cohort. In-painted T1 images also improved the quality of the subcortical segmentation due to the known effect of tissue misclassification due to lesion-induced T1 hypointensities in the WM. Preprocessing of images to correct for such pathology is now highly recommended.
Our study was limited by the absence of patients with PD with established dementia and healthy controls for comparison. This constraint prevented us from exploring the associations between SDGM volumes and cognitive dysfunction across a broader range of cognitive stages in PD. As such, these findings need to be confirmed in larger prospective studies with an additional group of well-matched healthy controls. In this regard, a recent study has also demonstrated subcortical atrophy in PD without dementia compared with healthy controls, particularly in the putamen, nucleus accumbens, and hippocampus. 54 In addition, the present findings must be interpreted by taking into account the lack of correction for multiple comparisons and that the sample size between PD-NCI (n ϭ 65) and PD-MCI (n ϭ 25) was imbalanced. Thus, to check against a potential violation of the assumption of equal variances across groups in ANOVA, we performed the Bartlett test to ensure homoscedasticity. Another limitation of the study could be related to performance of testing during the "on" medication state. Moreover, we did not have volumetric data on the substantia nigra, an area with extensive projections to limbic and cortical regions. In fact, an earlier study found a significant correlation between the severity of dementia in patients with PD and neuronal loss in the medial part of the substantia nigra.
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Finally, we aim to extend this study by incorporating a longitudinal design that will allow us to elucidate the trajectory of brain atrophy in PD-MCI and examine its potential involvement in progression to PD dementia.
CONCLUSIONS
Due to the growing recognition of PD-MCI as a clinically significant condition in PD, our findings warrant the continued concerted effort to validate biomarkers of neurodegeneration associated with MCI. The early delineation of PD-MCI from PD-NCI will help elucidate the processes underlying cognitive decline in PD, while longitudinal research can investigate the contributions of SDGM structures to cognitive dysfunction as the disease progresses. 
